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1
HALL EFFECT PLASMA THRUSTER WITH
INSULATED LAYERED RING ASSEMBLY

FIELD OF THE INVENTION

The present invention provides a Hall effect plasma
thruster having a main annular channel for ionization and
acceleration that presents an open downstream end, at least
one cathode, an annular anode concentric with the main annu-
lar channel, a pipe and a manifold for feeding the channel with
ionizable gas, and a magnetic circuit for creating a magnetic
field in said main annular channel.

In particular, the invention provides Hall effect plasma
thrusters used for electric propulsion of satellites.

PRIOR ART

The lifetime of Hall effect plasma thrusters is determined
essentially by the erosion of the ceramic insulating channel
under the effect of ion bombardment. Because of the topog-
raphy of electric potential in the channel, some of the ions that
are created are accelerated radially towards the walls.

The lengthening of missions for telecommunications sat-
ellites and the increase in the required plasma ejection speed
(in particular for so-called high specific impulse thrusters)
require ever-longer lifetimes, which can no longer be pro-
vided by conventional ceramics based on boron nitride.

The great resistance to ion bombardment of certain elec-
trically conductive or semi-conductive materials such as
graphite theoretically make them ideal candidates for the
discharge channel of a Hall effect thruster.

The idea of using conductive materials, and in particular
graphite, was investigated in the USA by Y. Raitses et al.
(Princeton University). Those studies reveal the advantage of
graphite in terms of lifetime, but make no attempt at solving
the problem of the loss in efficiency associated with the
plasma being short-circuited.

The low efficiencies observed with conductive materials
have until now prevented them being in generalized use in the
construction of acceleration channels for plasma thrusters.

Thus, the discharge channels of Hall effect thrusters are
constituted at present out of uniform insulating ceramic, usu-
ally based on boron nitride and silica (BN—SiO,) materials.
Boron nitride-based ceramics enable Hall effect thrusters to
achieve performance levels that are high in terms of effi-
ciency, but they present high rates of erosion under ion bom-
bardment that limit the lifetime of such thrusters to about
10,000 hours (h) and that also limit their operation at the
highest specific impulses.

DEFINITION AND OBJECT OF THE
INVENTION

An object of the present invention is to remedy the above-
mentioned drawbacks and in particular to increase the life-
time of Hall effect plasma thrusters while maintaining a high
level of energy efficiency.

In accordance with the invention, these objects are
achieved by a Hall effect plasma thruster having a main
annular channel for ionization and acceleration that presents
an open downstream end, at least one cathode, an annular
anode concentric with the main annular channel, a pipe and a
manifold for feeding the channel with ionizable gas, and a
magnetic circuit for creating a magnetic field in said main
annular channel, the thruster being characterized in that the
main annular channel has inner and outer annular wall por-
tions situated in the vicinity of said open end, each of which
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comprises an assembly of juxtaposed conductive or semi-
conductive rings in the form of laminations separated by fine
layers of insulation.

Advantageously, each conductive or semi-conductive ring
is subdivided into segments arranged as angular sectors and
insulated from one another.

Preferably, the segments of each conductive or semi-con-
ductive ring are arranged in a staggered configuration relative
to the adjacent conductive or semi-conductive ring segments.

According to a preferred characteristic of the invention, the
fine layers of insulation are arranged on all of the faces of a
conductive or semi-conductive ring with the exception of the
face defining a portion of the inside wall of the main annular
channel.

The assembly of conductive or semi-conductive rings may
extend over a length of the inner and outer annular walls that
is shorter than the total length of the main annular channel.

In a particular embodiment, the conductive or semi-con-
ductive rings are made of graphite, while the fine layers of
insulation are made of dielectric material, and in particular of
pyrolytic boron nitride.

The thickness of the conductive or semi-conductive rings is
of the order of the electron Larmor radius.

Their maximum thickness a is estimated using the follow-
ing expression:

a< zr
3

where r is the Larmor radius of the electrons, and using a
condition that determines the azimuth cutoff angle:

R-oz<5abs(%)-r

with:

Ez, Et: electric field along the axis and along the azimuth

direction;

R: the edge radius of the ring portion in contact with the

plasma; and

a.: angle of the ring portion.

In an embodiment, the conductive or semi-conductive
rings present thickness lying in the range 0.7 millimeters
(mm) to 0.9 mm, while the fine layers of insulation present
thickness lying in the range 0.04 mm to 0.08 mm.

According to the invention, a pseudo-insulating discharge
channel is made using a stack of rings or ring portions made
out of a conductive or semi-conductive material and covered
in a fine layer of insulating ceramic.

This enables the lifetime of the thruster to be increased by
afactor of3 to 4 without potential loss of efficiency, providing
the structure makes it possible to benefit from the advantages
of a low erosion rate of the conductive materials without
being subjected to their drawbacks, and providing the channel
can behave as an electrical insulator relative to the plasma
with the electric currents created in the discharge channel
being limited as much as possible.

The invention thus optimizes the structure of Hall effect
plasma thruster discharge channels by partitioning conduc-
tive or semi-conductive walls into insulated segments of
small size, thereby giving rise to a large decrease in the
short-circuit current and thus avoiding significant loss of effi-
ciency.
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The propulsion of telecommunications satellites is associ-
ated with major economic stakes and any improvements that
can be applied to Hall effect plasma sources, presently rec-
ognized as giving the highest performance for maintaining a
satellite on station—are of great interest. The present inven-
tion provides a direct response to the trend for the lengthening
mission durations expected of geostationary satellites by
improving the longevity of Hall effect plasma thrusters.

The present invention can also make it possible to operate
thrusters having higher specific impulse (Isp) while conserv-
ing a significant lifetime. The invention can thus provide a
significant competitive advantage for propulsion by Hall
effect plasma thrusters.

BRIEF DESCRIPTION OF THE DRAWINGS

Other characteristics and advantages of the invention
appear from the following description of particular embodi-
ments given by way of example and with reference to the
accompanying drawings, in which:

FIG. 1 is a cutaway diagrammatic perspective view of a
Hall effect plasma thruster to which the invention is appli-
cable;

FIG. 2 is a perspective view of one-fourth of a discharge
channel of laminated structure in an embodiment of the
invention;

FIG. 3 shows a proposed variant in an overall perspective
view of the laminated structure for a discharge channel of a
Hall effect plasma thruster of the invention;

FIG. 3A shows a proposed variant as an enlarged detail
view of a segment of conductive or semi-conductive material
covered in insulating deposits and used in the laminated struc-
ture of FIG. 3; and

FIG. 3B is a section on line IIIB-IIIB of FIG. 3A.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

FIG. 1 shows an example of a Hall effect plasma thruster,
also known as a stationary plasma thruster (SPT), to which the
invention is applicable and that can be used in particular for
electric propulsion of satellites.

A Hall effect thruster of this type comprises the following
main elements:

a discharge channel or main annular channel 120 for ion-

izing and acceleration;

an annular anode 125 concentric with the main annular
channel 120;

a pipe 126 and a manifold associated with the anode 125
and with the main annular channel 120 to feed it with an
ionizable gas such as xenon;

a hollow cathode 140; and

a magnetic circuit 131 to 136 for creating a magnetic field
in the main annular channel.

The anode 125 and the manifold for ionizable gas serves to
inject the propellant (such as xenon) into the thruster and to
collect the electrons of the plasma discharge.

The hollow cathode 140 serves to generate electrons that
are used for creating a plasma in the thruster and also for
neutralizing the jet of ions ejected by the thruster.

The magnetic circuit comprises an internal pole 134, an
external pole 136, a magnetic yoke interconnecting the inter-
nal and external poles 134 and 136 with a central ferromag-
netic core 133 and peripheral ferromagnetic bars 135, one or
more coils 131 arranged around the central core 133, and coils
132 arranged around the peripheral bars 135.
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The magnetic circuit serves to confine the plasma and to
create a strong magnetic field E at the outlet from the thruster
that enables ions to be accelerated up to speeds of the order of
20 kilometers per second (km/s).

The magnetic circuit may be embodied in other variants
and the present invention is not limited to the particular
embodiment shown in FIG. 1.

The discharge channel 120 serves to confine the plasma,
and its composition determines the performance of the
thruster.

Traditionally, the discharge channel 120 is made of
ceramic. Engine thrust is provided by ejecting a jet of ions at
high speed. Unfortunately, the jet diverges slightly and colli-
sions between high energy ions and the wall of the channel
lead to the ceramic being eroded at the outlet from the
thruster. That is why, in accordance with the invention, the
discharge channel 120 includes at least one portion 127 of the
inner annular wall and at least one portion 128 of the outer
annular wall, said portions being situated in the vicinity ofthe
open end 129 of the channel, that are not made of solid
ceramic, but each of which comprises an assembly of juxta-
posed conductive or semi-conductive rings 150 in the form of
laminations that are separated by fine layers of insulation 152
(see FIG. 2).

The purpose of the invention is to reduce significantly the
erosion of the discharge channel of the thruster. It also serves
to reduce the discharge instabilities and energy losses that
usually affect Hall effect thrusters making use of a discharge
channel made of electrically conductive or semi-conductive
material. By making use of materials such as graphite and
carbides that are better than ceramics at withstanding ion
bombardment, because of the way conductive or semi-con-
ductive rings (e.g. made of graphite) are assembled together
while being separated by fine layers of insulation (e.g. of
boron nitride), the invention makes it possible simultaneously
to reduce the erosion of the channel and also to diminish
discharge instabilities.

The discharge channel 120 of a plasma thruster of the
invention may thus comprise both a conventional upstream
portion made of ceramic having an end wall 123 and outer and
inner cylindrical walls 121 and 122, and also a downstream
portion situated between the upstream portion and the open-
ing 129 and made up of outer and inner cylindrical walls 128
and 127 having a laminated structure made up of juxtaposed
conductive or semi-conductive rings 150 that are insulated by
fine layers of insulation 152 but that present a face 151 that is
not covered in insulation on the inside facing towards the
inside space 124 of the annular channel 120.

In order to eliminate potential azimuth short circuit cur-
rents induced by potential variations in azimuth (lack of sym-
metry, azimuth waves, . . . ), itis preferable also to position the
rings 150 as a plurality of insulated angular sections, each
occupying an angular sector A8 (FIGS. 3 and 3A). By way of
example, there may be ten to 30 segments 150qa, 1505 making
up each ring 150.

Advantageously, the segments 150a of a conductive or
semi-conductive ring 150 are in a staggered arrangement
relative to the segments 1505 of the adjacent rings 150 (FIG.
3.

As canbe seen in FIG. 3A, the fine layers of insulation 152,
153, 154, and 155 are arranged on all of the faces of a con-
ductive or semi-conductive ring 150 with the exception of the
face 151 that defines a portion of the inner wall of the main
annular channel 120.

By way of example, the assembly of conductor rings 150
extends over a length of the inner and outer annular walls that
lies in the range 20% to 50% and preferably in the range 30%
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to 40% of the total length of the main annular channel 120,
however these ranges of values are not limiting.

The dimensioning of the conductive or semi-conductive
rings 150 may be determined by calculating the electron
currents that are received and emitted by the walls. To a first
approximation, it can be shown that the short circuit current
flowing in the walls is proportional to the collected ion cur-
rent, which, at constant electron temperature and plasma den-
sity, is approximately proportional to the conductive area in
contact with the plasma.

Furthermore, for a given axial electric field, the potential
difference seen by a conductive element is approximately
proportional to its axial extent. As a result, for a channel of
given size, the total Joule-effect losses due to plasma short
circuiting is approximately proportional to the thickness of
the rings. It can also be shown that the short circuit current
becomes negligible compared with the currents associated
with secondary electron emission (which are the only cur-
rents that exist when using an insulator), once the thickness of
the rings is of the same order as the electron Larmor radius.
This defines the critical thickness for the rings that makes it
possible to obtain a pseudo-insulating channel.

By way of example, the conductive rings 150, e.g. made of
graphite having a small coefficient of expansion, may present
thickness lying in the range 0.7 mm to 0.9 mm, typically
being 0.8 mm.

The fine layers of insulation 152 to 155, e.g. of pyrolytic
boron nitride, may present thickness lying in the range 0.04
mm to 0.08 mm, typically being 0.05 mm, and they may be
deposited on the conductive ring segments 150 by a chemical
vapor deposition method so as to cover each ring segment
over its entire surface with the exception of the edge face 151
that comes into contact with the plasma.

The invention claimed is:

1. A Hall effect plasma thruster having a main annular
channel for ionization and acceleration that presents an open
downstream end, at least one cathode, an annular anode con-
centric with the main annular channel, a pipe and a manifold
for feeding the main annular channel with ionizable gas, and
a magnetic circuit for creating a magnetic field in said main
annular channel, wherein the main annular channel has inner
and outer annular wall portions delimiting said open end,
each of which comprises an assembly of juxtaposed conduc-
tive or semi-conductive rings in the form of laminations sepa-
rated by fine layers of insulation, each of the fine layers of
insulation having a thickness smaller than a thickness of said
conductive or semi-conductive rings.

2. The plasma thruster according to claim 1, wherein each
conductive or semi-conductive ring is subdivided into seg-
ments arranged as angular sectors and insulated from one
another.
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3. The plasma thruster according to claim 2, wherein the
segments of each conductive or semi-conductive ring are
arranged in a staggered configuration relative to the adjacent
conductive or semi-conductive ring segments.

4. The plasma thruster according to claim 3, wherein:

the fine layers of insulation are arranged on all faces of a
conductive or semi-conductive ring with the exception
of the face defining a portion of the inside wall of the
main annular channel;

the assembly of juxtaposed conductive or semi-conductive
rings extends over a length of the inner and outer annular
walls in the range 20% to 50% of the total length of the
main annular channel;

the conductive or semi-conductive rings are made of graph-
ite;

the fine layers of insulation are made of pyrolytic boron
nitride; and

the thickness of the conductive or semi-conductive rings
has a value which is of an order of a value of an electron
Larmor radius.

5. The plasma thruster according to claim 1, wherein the
fine layers of insulation are arranged on all faces of a conduc-
tive or semi-conductive ring with the exception of the face
defining a portion of the inside wall of the main annular
channel.

6. The plasma thruster according to claim 5, wherein the
fine layers of insulation are made of pyrolytic boron nitride.

7. The plasma thruster according to claim 6, the fine layers
of'insulation present thickness in a range 0 0.04 millimeter to
0.08 millimeter.

8. The plasma thruster according to claim 1, wherein the
conductive or semi-conductive rings are made of graphite.

9. The plasma thruster according to claim 8, wherein the
conductive or semi-conductive rings present thickness in a
range of 0.7 millimeter to 0.9 millimeter.

10. The plasma thruster according to claim 1, wherein said
assembly of juxtaposed conductive or semi-conductive rings
extends over a length of the inner and outer annular walls in a
range of 20% to 50% of a total length of the main annular
channel.

11. The plasma thruster according to claim 1, wherein the
fine layers of insulation are made of pyrolytic boron nitride.

12. The plasma thruster according to claim 1, wherein the
thickness of the conductive or semi-conductive rings has a
value which is of the order of the value of an electron Larmor
radius.



